using the membrane potential as a parameter. Many studies along this line thus appeared in succession with various kinds of tissues 1, 7,s,15,16 '17,18,19,23,31) In the present paper, the results obtained with the spinal motoneurons of the toad will be described.
Single intracellular microelectrodes in a bridge circuit were used for applying electric currents to the motoneuron and for the simultaneous recording of its response. This method, first introduced by ARAKI and OTANI1), has already been tried with modifications and discussed by many investigators6, 10, 11, 12, 13, 17, 18, 30) and, in spite of a few disadvantages pointed out by some of them, has proved to be convenient and reliable, if sufficient caution is paid to its limitations.
METHODS
All experiments were performed on the spinal cord of toads which were excised and kept in RINGER'S fluid through which a gas mixture consisting of 95
per cent 02 and 5 per cent CO2 was continuously bubbled. The experimental set-up was essentially similar to that described in the previous reports1 '3 potentials in superthreshold depolarizations were found to be, in most cases, slightly lower than the one expected by extrapolating from subthreshold depolarizations, so that restoration of the electrotonic depolarization after the spike was always incomplete. The tendency to show lower electrotonic potentials in the depolarized state than in the hyperpolarized state, i.e., the rectifying action of the membrane, was sometimes noticed even with currents of subthreshold intensity.
(II)
Effects of electrotonus on the antidromic activation. I. Spike height as a function of the duration of polarizing currents. The motoneurons were activated antidromically, once, at varying moments after the onset of the polarizing currents, and the spike sizes of successive trials were compared with each other. In general, differences in the spike size due to different durations of polarization were not very noticeable within the time range tested, either when the membrane was depolarized or hyperpolarized. In one case, it was found that the spike evoked at 600 msec. after the onset of the 9 mV depolarization was smaller than that evoked at 80 msec. by 3 per cent. On the contrary, the spike evoked at the later stage of the 9 mV hyperpolarization was larger than that evoked at the earlier stage by the same percentage.
2. Comparison of spike height in depolarized and hyperpolarized states. The magnitudes of spike potentials evoked antidromically during the passage of depolarizing or hyperpolarizing current of varying intensities were measured from the original resting potential level and compared with each other. Preliminary research of a similar sort has already been reported elsewhere1). The present experiment was extended to cover a much wider range of the electrotonic shift of the membrane potential. Usually the peak of the spike maintained a nearly constant level when the alteration of the initial potential did not surpass 5 mV in either depolarized or hyperpolarized direction. In some cases this range of constant spike height was extended to 10 or 20 mV on both sides of the resting potential. Beyond these limits, the peak of the spike did not usually maintain a constant level. It was often encountered that the spike reached a higher overshooting level as the initial depolarization became higher, and it became lower with increasing initial hyperpolarization.
In some cases the peak became lower in depolarized states and higher in hyperpolarization (FIG. 2) , while in others it became higher both in depolarized and hyperpolarized states.
The degree of hyperpolarization necessary to produce an axon-soma block was very variable in individual motoneurons. Relatively large size of IS spikes at hyperpolarization just enough to produce the conduction block (dots in FIG. 2) seems to indicate partial invasion into the soma and superimposed local response.
3. Interposed dip. In contrast to the motoneurons of the cat, the motoneurons of the toad in the normal state almost always show spike potentials terminating in a depolarizing afterpotential with an interposed dip of early afterhyperpolarization, as has already been pointed out in previous papers1,3). The depth of the dip varies in individual motoneurons; some show a remarkable undershoot, while others do not. As has been reported elsewhere1,3), it always shows a tendency to diminish in hyperpolarized states and to be augmented to a certain extent in depolarized states. This point was investigated more systematically in the present research. FIGS. 3 and 4 give an example of the results. As shown in the figures, the membrane potential at the bottom of the dip maintained a nearly constant level in the presence of electrotonic shifts of the membrane potential within a limited range around the resting potential level. Further increases of the electrotonic shift produced appreciable changes of the potential at the dip either when the membrane was depolarized or hyperpolarized. The curve (dotted line in FIG. 4) representing the membrane potential at the dip as a function of the preset potential shows, therefore, a double inflexion at a value near the resting potential. With increasing hyperpolarization, the dip became less and less marked and disappeared at a certain level of hyperpolarization. The spike potential was then followed directly by the after-depolarization.
This to be related to some intrinsic property of the neuronal membrane. 4. After-depolarization and after-hyperpolarization. Presetting of the membrane potential at varying levels resulted in a characteristic change of the delayed depolarization which follows the interposed dip. As could be expected from the facts already known about the negative afterpotential in other excitable tissues, its relative size became bigger in a hyperpolarized state and smaller in a depolarized state. The peak of the after-depolarization showed a similar relationship as that of the positive dip to the initial membrane potential.
Nearly perfect compensation was thus found only within a limited range of initial membrane potentials.
The after-hyperpolarization was not followed systematically. Its equilibrium potential was found, in most cases, to lie 10 to 20 mV above the resting potential.
(III) Effects of electrotonus on the orthodromic activation. I.
Size of PSP's. The shortest latent time for the PSP was 2.0 msec., including the conduction time of about 0.5 msec. along the dorsal root. Consequently, it is most likely that the first elevation of the composite PSP's is of monosynaptic nature 3,22), although some investigators are dubious of a direct connection between the dorsal root fibers and the motoneurons in the frog spinal cord 5,21). In working with excised spinal cords, no attempt was made in the present research to record monosynaptic PSP separated from later coming PSP's of plurisynaptic pathways. Not infrequently, however, composite PSP's showed clear stepwise elevation, so that the height of the monosynaptic PSP could be measured with sufficient accuracy (FIG. 6, inset) .
Each In b, the depolarizing current was just above threshold and set up an initial spike. The antidromic spike showed a marked interposed dip, although the membrane potential from which the spike started was 7.1 mV higher than the resting.
The starting potential levels of spikes in other records were 3.8 mV depolarized in a, 5.5 mV and 12.1 mV hyperpolarized in c and d respectively. resting level. Thus, in the normal state, the motoneurons of the toad show a spike discharge when the threshold depolarization is attained by the temporal summation of PSP's of monosynaptic and plurisynaptic pathways. The monosynaptic PSP is able to fire a motoneuron only when its threshold is lowered by catelectrotonus.
The presence of 1PSP has been demonstrated also in the motoneurons of the toad3,20). The inhibitory impulses are known to enter the cord mostly through the dorsal roots of adjacent segments'"). But even in the present case, in which the stimuli were applied to the dorsal root of the same segment, a contamination of the plurisynaptic EPSP by the presence of some 1PSP's cannot be excluded.
2. Comparison of spike sizes in antidromic and orthodromic activations. ARAKI and OTANI1) reported that responses to orthodromic, direct and antidromic stimulations were similar in size and form in the spinal motoneurons of the toad. However, further investigations have revealed that this is not always correct. Generally speaking, the peak voltages of the spikes evoked in different ways are not the same and are ranged as orthodromic > direct > antidromic. This difference is accentuated when the neuronal membrane is in a hyperpolarized state under the influence of excessive CO2 (WASHIZU, unpublished).
In the present research, the difference in spike sizes, due to different pathways of excitation, was examined with different membrane potentials maintained by extrinsic currents . In depolarized states (up to 30 mV depolarization) , the difference was still present. However, no consistent correlation between this size difference and the degree of depolarization could be established.
The maximal difference was found to be about 10 mV, the orthodromic spikes being higher than the antidromic spikes in all cases. Attempts to compare the spike size under-hyperpolarized states often failed because of a conduction block at the axon hillock.
In one exceptional case, in which both the antidromic and the orthodromic excitations were obtained under hyperpolarizations up to 50 mV, the difference in spike size was hardly noticeable between 30 to 50 mV hyperpolarization, whereas it was pronounced at smaller membrane potentials.
(IV) Accommodation in motoneurons in which the membrane potentials are set at various levels. Accommodation in the motoneurons of the toad manifested as a raised threshold depolarization, has been explored by ARAKI and OTANI2) with exponentially rising currents. In the present research, a stimulating rectangular pulse lasting 50 msec. was superimposed upon a rectangular polarizing pulse about 0.5 seconds after the onset of the latter.
The intensity of the stimulating pulse was altered independently of the intensity of the polarizing current, which was kept constant during one serial stimulation.
An example is shown in FIG. 7 . The threshold depolarizations
were measured with the membrane potential set at three different levels, i.e., at a potential depolarized from the resting level by 12 mV, at the resting potential and at a potential hyperpolarized by 10 mV. These threshold depolarizations were plotted against latent times. As shown in the figure, a depolarization of 12 mV was about the threshold intensity of the nonpolarized motoneuron, so that the presetting depolarizing current was sometimes already effective in evoking a spike.
In this case, the test pulse showed the threshold depolarization needed for the second spike evoked 0.5 seconds after the first. FIG . 7 shows that the rise of threshold depolarization, due to a lengthened latent time, is most pronounced when the motoneuron has been hyperpolarized and least conspicuous when depolarized.
Moreover, in a depolarized motoneuron, spike discharges with a long latent time were hardly obtainable, because in such cases the motoneuron responded only with a local response or an abortive spike. Accordingly, it was impossible to determine precisely threshold depolarizations beyond this limit by means of rectangular current stimulation, though the threshold depolarization is presumably very high in this condition. Another point that should be taken into account in connection with the present discussion is the difference in the site of spike initiation within a motoneuron according to the preset membrane potential.
ARAKI and OTANI2) have pointed out that motoneurons in the spinal cord of the toad respond to direct stimuli in two different ways.
In some motoneurons, spikes arise abruptly from the electrotonic potentials (abrupt-type), while in others they are introduced by a slowly developing local response in the soma (LR-type).
In the first case, spikes are considered to originate from the initial segment of axon, while in the other they arise primarily from the soma, inference being made from the existence and the non-existence of an inflexion in the rising phase of the spikes. During the course of the present research, it was noticed that each of the two types of spike initiation could be changed into the other type by imposing an appropriate membrane potential.
As shown in FIG. 8 , a motoneuron which had responded with the abrupt-type in the normal state or in a hyperpolarized state, responded in LR-type when the membrane was depolarized.
This means that the spike originated from the initial segment in the former two cases and from the soma itself in the latter.
The same argument can be applied also to the results shown in FIG. 7 
DISCUSSION
The effect of electrotonus upon the size of the action potential of nerves has often been studied since early reports by BISHOP and ERLANGER4) and SCHMITZ and SCHAEFER25,26) with unanimous results of its enhancement by anelectrotonus and its attenuation by catelectrotonus. The same effect was confirmed by TASAKI et al. 29 ) with the action current of a single Ranvier node. However, alterations in the overschoot potential could be explored only by recording intracellular potentials. According to ECCLES (10 P. 69), the membrane potential of the spinal motoneuron of the cat attained almost the same value at the spike peak regardless of the level at which the membrane potential had been set initially except with large depolarizations. In these cases, the spike potential was reduced more than necessary for compensation. In the spinal ganglion cells of the toad, ITO17) found that the ability to compensate always surpassed the initial alteration of the membrane potential. As shown in the present paper, the motoneurons of the toad react in like manner as in the cat within a certain range of initial membrane potential.
However, with larger polarizations, the compensation was usually found imperfect. Some cases showed an overcompensation, while in others the compensation was insufficient. Generally speaking, the membrane potential at the spike peak can be considered as determined on the one hand by the intrinsic properties of the membrane, i.e., the activity of the sodium carrier mechanism, selective permeability to various ions etc., and, on the other hand, by the IR drop across the active membrane due to the polarizing current. Moreover, these two factors are in a close relationship to each other. At the present stage of our knowledge, therefore, it would be difficult to find an explanation for the slight discordance found in different nerve cells.
As to the effects of electrotonus on the size of PSP's, a number of studies have been reported with various excitable tissues (for reference, see e.g., 14.) Observations made by COOMBS et al.9) on the EPSP in the motoneurons of the cat revealed an equilibrium potential of about 0 mV, and also its constant size regardless of further hyperpolarization beyond a certain level of the membrane potential. The results described above suggest a similarity in the generating mechanisms of EPSP both in amphibian and mammalian motoneurons.
Concerning the spike size of orthodromic activation in comparison with that of direct or antidromic activation, anatomical characteristics of the amphibian spinal cord must be considered. SILVER27) found in his histological study of the frog spinal cord that the synaptic field around the soma is relatively small as compared with the neuropile zones at the periphery of the spinal cord. If this finding holds also for the spinal cord of the toad, the PSP's, evoked by orthodromic stimulation, might have a considerable component of electrotonic potential. Consequently, the summating effect of the electrotonic component of EPSP with the spike potential might be expected to predominate over the short-circuiting effect of remote active subsynaptic foci. This seems to be the most attractive illustration given to the present result. Besides, the asynchronism of the antidromic spike would make the spike height smaller than the one evoked orthodromically or directly. Recently, however, MACHNE et al. 22 ) have found in the frog spinal motoneurons that the orthodromic spikes are on the average somewhat smaller than the antidromic ones, a fact, that can be interpreted in favor of the shortcircuit hypothesis. Unfortunately, no clear explanation is available at present, which would reconcile the discrepant results.
The effects of electrotonus on accommodation in peripheral nerves of the frog are rather complicated, different effects being observed according to the length and the strength of the applied currents (SCHAEFER, 24 pp. 99, 100). Generally speaking, however, catelectrotonus is considered to facilitate the creepingin of slowly rising currents, while anelectrotonus makes it more difficult28) . The present results are generally in agreement with this. There is, however, one point which needs to be stressed. According to ARAKI and OTANI2), motoneurons responding in the LR-type in the natural state, i.e., without any artificial depolarization, set up a spike potential even with rather long latent times without showing any considerable rise in the threshold depolarization, whereas those responding in the abrupt-type show a marked rise in the threshold depolarization with an increase in the latent time. Contrary to this, motoneurons depolarized by an extrinsic current respond indeed with an LR-type, but they cannot respond with a full spike when the latent time surpasses a certain limit. Here can be recognized a marked effect of the background depolarization which leads to the setting up of a local response and therefore to faster accommodation, because of a partially inactivated sodium carrier mechanism.
On the contrary, background hyperpolarization seemed to suppress the tendency to evoke an isolated local response, so that a full spike could be set up even with a longer latent time than normal. Consequently, the rise of threshold depolarization was more pronounced than normal in a hyperpolarized state. It 
